Abstract: Copolyesters based on L,L-lactide (LA) and ε-caprolactone (CL) with different LA: ε-CL ratios were synthesized by ring opening polymerization using zinc (L-proline) as a catalyst. Ring opening polymerization results in random P(L, L-lactide-ε-caprolactone) copolymers of molecular weights between 9,800 to 30,000 and block copolymer up to 51,800 Da. 1 H NMR spectroscopy analysis was used for calculation of monomer incorporation in the copolymer. FT-IR spectra were used to differentiate between random and block copolymer using carbonyl region splitting.
Introduction
In recent years, poly(lactide) (PLA) and poly(ε-caprolactone) (PCL) and their copolymer have attracted more attention in the fields of surgery, sustained drug delivery and tissue engineering [1] [2] [3] . These polymers have shown their potential applications in a variety of field because of their biodegradability, biocompatibility and permeable properties. Poly(ε-caprolactone) shows low melting temperature (T m ~60 o C) and high decomposition temperature (T d =350 o C) and degrades very slowly due to its high hydrophobicity and crystallinity. It is known that block copolymerization allows combination of the chemical properties of the main components and physical properties of the resulted copolymers can be tailor made by adjusting the molecular weights and the composition of the constituting blocks. Though several strategies have been used for preparation of PLA and PCL, the particular convenient method to synthesize these polymers is the ring opening polymerization (ROP) of lactide/lactones and their functionally related compounds. The ring opening polymerization of lactide and έ-caprolactone give polymers with wider spectrum of properties than the polymers synthesized by copolymerization of the corresponding hydroxyacids, which have been reported in the literature. Such ring opened copolymers yield tough polymers with properties from rigid thermoplastics to elastomeric rubbers [4, 5] with tensile strengths ranging from 0.6 to 48 MPa and also elongation [6] . The larger reactivity of lactide over ε-caprolactone leads to copolymers that are blocky, where the block lengths depend on the starting comonomer composition, catalyst [7] and polymerization temperature.
The copolymer of pure L, L-lactide with ε-caprolactone obtained by ROP contributes flexibility behavior because of the caprolactone segment and high crystalline melting points from PLA blocks. Many metal complexes (e.g. Al, [ [12] or Zr [13] ) have been used as initiator/catalyst in the ROP of cyclic ester. β-Diketiminato ligands have emerged as one of the most versatile ligands and these ligands are readily tunable to access derivatives containing a range of substituents around ligands skeleton [14] .
A highly efficient initiator (complexation of zinc with β-diketiminato ligands) for the ring opening polymerization of lactides and ε-caprolactone has been studied [15] .
Zinc metal or zinc containing compounds were studied by several groups [16] [17] [18] [19] [20] [21] with mixed results. Zinc oxide or carbonate favor partial racemization of L, L-lactide and termination steps. Diethyl zinc is a highly moisture sensitive and self-inflammable liquid, which is inconvenient for up scaling and technical productions of polylactides. Zinc powder needs to be removed by ultra filtration.
Zinc bis (2,2-dimethyl -3,5-heptanedionate) give high molecular weights, but nothing is known about toxicity of the ligand, which does not belong to the human metabolism.
Zn-L-Lactate posses several useful and promising properties, but poly(L-lactide) with a molecular weight 100,000 can seemingly not to be obtained with this zinc salt. In our earlier report, we have studied homopolymerization and co polymerization of L, L-Lactide with polyethylene glycol (PEG) in presence of zinc proline organometallic catalyst [22] [23] [24] .
The present work put highlight on zinc salts of amino acids. Although numerous amino acids and their derivatives belong to the human metabolism, zinc salts of proline have never been used as catalysts for the polymerization of lactides and ε-caprolactone. Zinc proline was selected because of its biocompatibility in comparison with other reported catalysts. The resulting copolymers were characterized by 1 H NMR, 13 C NMR, size exclusion chromatatography (SEC) infrared spectroscopy (IR), differential scanning calorimetry (DSC), thermo gravimetric analysis (TGA) and MALDI TOF.
Results and discussion
Ring opening polymerization of L, L-lactide and ε -caprolactone initiated by catalyst is shown in Scheme 1. ROP of L, L-lactide and ε -caprolactone employing zinc proline as an initiator is systematically examined. Copolymer of L, L-Lactide and ε -caprolactone are amorphous, transparent and film-forming materials, which are of interest as resorbable wound dressing [25] . In the present work, all the copolymerization reactions were carried out using break seal technique. Conversion of LA and CL is determined on the basis of 1H NMR spectroscopic studies. The molecular weights and polydispersity of copolymers were measured by gel permeation chromatography (GPC).
In general, polymerization was carried out at 195 0 C using zinc prolinate as the initiator, and the results are tabulated in the Tab 1. 
Determination of polymer structure
A series of P (LA-ε-CL) were synthesized by ring opening polymerization using zinc proline as a catalyst. The results are summarized in Tab 1.
Copolymer composition was verified by 1 H NMR by the integration of the peaks at 5.15 ppm due to PLA units and the peaks at 4.0 ppm due to PCL units. The relative degree of crystallinity of the copolymer depends directly on the PLA block sizedegree of randomness. To correlate the NMR spectra to the composition and the frequency of occurrence of specific comonomer sequence and the number average sequence mathematics calculation models was used. If the copolymers not strictly alternating or block like/a randomly selected pair of co monomer units in the polymer chain may be represented as follows: ε-CL-ε-CL. ε -CL-LA, LA-ε-CL, LA-LA. To simplify the calculations, only the last three options were considered.
An examination of the 13 C quantitative NMR spectra of P (LA-ε-CL) revealed four well-separated peaks at different spectral ranges. The carbonyl peaks of PLA homopolymer appeared in the range of 169.28 to 169.64 ppm. The lactide formation was around 1 %. The carbonyl ester peak of PCL appeared at 173.55 ppm.
As the mole ratio and preparation method of the copolymers varied, the integration ratios of those peaks were changed. Fig. 2 represents the relevant peaks for P (LA-ε-CL) synthesized by ROP along with PLA and PCL homopolymers using the same ROP techniques and zinc proline catalyst.
The deconvulated peak area data of the 13 C NMR spectra of P (LA-ε-CL) 80:20 to 50:50 mole ratios were calculated in the following manner Unconditional probability. [p (LA) and p (ε-CL)] are the probabilities of a randomly selected monomer unit in the polymeric chain to be either LA or ε-CL. This could be determined by the overall integration of LA to ε-CL.
p(LA)+p(ε-CL) =1
(1) Tab 1. Zinc (L-Proline) catalyzed homopolymerization and copolymerization of L, Llactide and ε-caprolactone.
Sr.
No. From these probabilities and the feed ratios it is possible to calculate the following:
I. Degree of Randomness (h) of the formed polymer
h<1 means block character of the copolymer; h = 1 means the polymer takes a random distribution; h>1 means alternating tendency; and h=2 means a full alternating copolymer.
II. Number average sequence length of monomer sequence (Ln)
For the p (LA-ε-CL) synthesized by ROP using zinc proline catalyst with mole ratio from 80:20 to 50:50, the results can be presented in Tab 2. The result can be summarized in the following way. In case of all the copolymers, the h value approaches to 1 irrespective of various compositions ranging from 80:20 to 50:50. The h value clearly attributes that the polymer takes a random distribution. In case of 50:50 molar composition, the result means alternating tendency of the copolymer. The alternating tendency of p(LA-ε-CL, 50:50 molar ratio) is a result of the relatively higher ε-CL content. In case of block co polymerization (60:40), the h values are 0.13, which is less than 1.0, confirming block character of the copolymer. The number average sequence length (L LA ) of L, L-lactide decreased from 14.0 to 5.2 for p(LA-ε-CL) from 80:20 to 50:50 respectively. Sequential length is an additional evidence to random and block character to the copolymers. shows the IR spectra of the P(LA-ε-CL) copolymers. The copolymer exhibited the band at 1725 cm -1 due to C=O stretching and at 2943 and 2869 cm -1 due to C-H stretching of PCL units. The another C=O stretching band appeared at 1757 cm -1 and C-H stretching, in agreement with the presence PLA units. CP-3 showed a single C=O stretching at 1748 cm -1 which is attributed due to random nature of the copolymer. CP-4 showed a doublet splitting at 1708 and 1748 cm -1 , which is attributed due to blocky nature of the copolymer. Fig 4. illustrates the SEC trace of PLA, PCL homopolymers and LA-ε-CL copolymers ranging from 80:20 to 50:50 (CP-1 to CP-3) and CP-4 (prepared by sequential addition of L,L-lactide followed by ε-CL) monomer. All purified homo and copolymers showed single peak in the GPC curve and with molecular distribution ranging from 1.5 to 1.9 (shown in Tab 1). SEC chromatographs of copolymers showed the absence of homopolymers. PCL presented broader distributions in comparison with other peaks. PCL (Figure 4 ) showed M n = 43,000 and M w = 85,000 and distribution = 1.9. CP-1 showed M n = 15,000 and M w = 30,000 and distribution is 1.8. CP-2 showed M n = 14,000 and M w = 25,000 and distribution = 1.7. Similarly CP-3 showed M n = 5,100 and M w = 9,800 and distribution is 1.8. It is observed from Table 1 that M n and M w gradually decreased from CP-1 to CP-3. A similar observation was made by Domb et al [25] for L-lactic based copolymers. CP-4 showed M n = 33,000 and M w = 51,800 and distribution =1.7 which may be attributed due to the sequential addition of comonomers. 
Molecular Weights

MALDITOF-MS Analysis
MALDI-TOF MS has been employed for the determination of molecular weights and the nature of end groups [26, 27] . With ring opening polymerization, poly(L, LLactide), poly(ε-caprolactone) and copolymers of L,L-Lactide and ε-caprolactone can be prepared; the homopolymers, copolymers prepared during this study were subjected to MALDI-TOF analysis. The results of the analysis are shown in Fig. 7-12 . Fig 7 presents the MALDI-TOF mass spectrum of sample PLA. The polymer contained chains terminated by -OH on the one side and -COOH on the other side. The MALDI spectrum is dominated by series of intense peaks ranging from a mass 542 Da to 1622 Da, corresponding to polymers doped with Na + of type H-[O-CH (CH 3 )-CO-] n -OH-Na + (mass = 72n+18+23); n values varying from 7 to 22 were detected, 23 being the mass number of sodium ion. Some of the peaks ranging from 526 to 742 correspond to macrocyclic structures with n = 7-10 (mass = 72n+23) can be observed. The macrocyclic structures were formed by intramolecular transesterification or esterification between chain ends. In the region from 703 to 1207 Da, the lower intense peaks correspond to polymers doped with Na + and terminated with -OCH 3 and H, most likely generated from the impurities present in the catalyst. The peak corresponds to polymer of the structure H-[O-CH (CH 3 )-CO-] n -OCH 3 , with a molecular mass of 72n +23 +32. 
Determination of comonomer incorporation as well as end groups by MALDI-TOF MS
The MALDI-TOF MS spectrum of copolymer with 20 mol % ε-caprolactone incorporation (CP-1) shown in Fig. 9 , the empirical formula of such copolymer will be H-(-OCH(CH 3 )-CO-)m-(-O-(CH 2 ) 5 -CO-)n-OH. The more intense peaks at 598, 784, 856, 1208 etc are due to such sodium adducts, when m varies 1 to 8 and n varies from 1 to 4 corresponding potassium adducts were also located. The peaks at 527, 598, 670 Da are also due to copolymers, but the empirical formula H-(O-CH (CH 3 ) CO) m -(O-(CH 2 ) 5 -CO-) n -OCH 3 , that is methyl ester ended instead of carboxylic acid and they desorbed as sodium adducts, so that the molecular weights can be calculated as (72m+114n+32+23) when value of m varied from 3-4 and n varied from 1-3. The impurity methyl alcohol may be contaminated through zinc prolinate catalyst. . There are few peaks at 665 and 689 Da corresponding to cyclic copolymer. The peak at 665 Da corresponds to doped with potassium ion of cyclic copolymer with a mass of 72m+114n+39, where m=7 and n=1. The peak at 689 Da corresponds to doped with sodium ion of cyclic copolymer with a mass of 72m+114n+23, where m=6 and n=1. The peak at 860 Da corresponds to copolymer of structure H-(O-CH (CH 3 )-CO) m -(O-(CH 2 )-CO-)n-OCH 3 , with a molecular mass of 72m+114n+32+23, where m=6 and n=2. The peak corresponds to copolymer doped with sodium ions and terminated with OCH 3 and H, most likely generated from the impurities present in the catalyst. Fig. 12 . MALDI TOF spectra of copolymer sample CP-4.
Conclusions
Biodegradable copolymers with PLA/PCL random were synthesized by ring opening polymerization of έ-caprolactone and L,L-Lactide, Zn (L-proline) added at the starting of the reaction. PLA/PCL block copolymer was synthesized by ROP of sequentially ε -caprolactone and L,L-Lactide. Break seal techniques were used in both the experiments in the copolymerzation reaction. Zn (L-praline) caused partial racemization. The isolated copolymer posses a reasonable composition matching with feed ratio. Results show that linear copolymer with M w ~ 9,000-30,000 can be prepared with Zn (L-proline) catalyst. Block copolymer of έ-caprolactone L,L-Lactide resulted M w ~ 52,000. The various copolymers conserved the excellent thermal behaviour inherent to PCL, thus providing a wide range of processing temperatures for thermal treatments. 13 C NMR results proved the nature of copolymers (CP-1, CP-2 and CP-3) are random and CP-4 showed blocky nature, which were further supported by FT-IR and TGA data. The L LA chain length decreased from 14.0 to 5.0 due to decrease in feed ratio in the copolymer. MALDI-TOF has also confirmed the linear copolymers with expected end groups and also the presence of some cyclic oligomers. In conclusion, there are efficient initiator containing zinc (trinuclear zinc alkoxide) have been used for ring opening polymerization of lactide and ε-caprolactone but the catalyst is not FDA approved. Zinc proline (FDA approved) has shown promise as a catalyst for biopolymer synthesis because of its biocompatibility in comparison with other reported catalyst. The copolymers have physiochemical properties and functions that can be potentially designated for medical applications. Future works is being performed for drug delivery and also on the development of non-woven electro spin fiber, containing antifungal and antibacterial drugs for wound healing applications.
Experimental part
L,L-Lactide, ε-caprolactone, zinc acetate and L-proline were purchased from Sigma Aldrich, USA. Methanol and chloroform were purchased from SD fine, India.
Methods
Catalyst Preparation (Zinc L-Proline): The Catalyst Zinc L-Proline was easily synthesized by stirring zinc acetate (Zn (OAc) 2 (1 equiv.), L-proline (2 equiv.) and triethylamine (2 equiv.) in methanol. The complex (white sluggish) precipitates from the methanolic solution and can be easily isolated. The spectroscopic data [23] indicate the mononuclear Zn (L-proline) 2 -complex to be the prevailing species. FTIR also confirms the structure before and after the complexation with proline. This catalyst posses low hygroscopicity.
Polymerizations
-Homopolymerizations
PLA homopolymer was synthesized by ring-opening polymerization of L,L-lactide using Zn L-proline as catalyst. The L,L-lactide, catalyst were introduced into a silanized glass reactor. After degassing at room temperature, the reactor was sealed under vacuum and allowed to shake at 195 o C for 8 h. PCL homopolymer was prepared in similar way.
-Copolymerizations with ε-caprolactone Predetermined amount of ε-caprolactone, L-L-Lactide and Zn L-proline were introduced in a silanized glass reactor. After degassing at room temperature, the reactor was sealed under vacuum and allowed to shake at 195 o C for 8 h.
Purification of polymers
All the polymers were recovered by dissolution/precipitation method with dichloromethane as solvent and methanol as nonslovent, followed by filtration and vacuum drying.
Purification of the crude PLA/PCL copolymer
The purification procedure was based on the selective solubility of PLA in cold acetone (< 10 o C) for 3 h. After filtering, the solid was washed by cold acetone several times and dried under reduced pressure. The purification was aimed at obtaining pure copolymer for characterization.
Analytical techniques -Gel Permeation Chromatography (GPC)
The molecular weights [number-average molecular weight (M n ) and weight-average molecular weight (M w )] and polydispersity (M w /M n ) were determined with respect to polystyrene standards by SEC on a Waters 150 C machine at 25 °C with eluting PLA solutions (4 mg/mL of CHCl 3 ), with toluene as an internal standard, through a series of five 30-cm-long µ -Styragel columns with pore sizes of 10 , 500, and 100 Å. CHCl 3 was used as the mobile phase (flow rate =1 mL/min) and refractive index detector (Spectra series RI-150) was used for detection of different molecular weight fraction. Molecular weight was calculated with respect to polystyrene calibration. ).
-Nuclear Magnetic Resonance Spectroscopy
For NMR measurements, the polymer samples were dissolved in chloroform-d in 5mm diameter NMR tubes at room temperature. C NMR spectra with NOE were recorded on Bruker DRX 500 MHz spectrometer working at 125.577 MHz for carbon-13. A digital resolution of 32 K data points/ 18,000 Hz spectral width was used a pulse angle of about 30 along with a relaxation delay of 2s and 10 3_ 10 4 transients were accumulated. CDCl 3 served as solvent and TMS as internal standard for all 13 C NMR measurements. Relative peak areas were proportional to the number of carbon atoms. Peak areas were calculated by deconvolution method using XWIN-PLOT software.
-Thermogravimetry analysis Thermogravimetric analysis (TGA) was performed on Perkin-Elmer TGA-7 analyzer from 50 to 700 0 C at a heating rate of 10 o C / minute in nitrogen atmosphere.
-Differential Scanning Calorimetry Differential scanning calorimetry (DSC) measurements were performed on a Perkin Elmer DSC-7 thermal analyzer in a nitrogen atmosphere. The measurements were run from -40 to 200 °C at a heating rate of 10 °C/min and at a cooling rate of 100 °C/min. The glass-transition temperature (T g ) and the crystallinity data were recorded from the second and first heating curves, respectively. Crystallinity values for different polymers were calculated through the integration of the normalized area of the melting endotherm, the determination of the heat involved, and the rating of it to the reference 100 % crystalline polymer (93.6 J/g) [23] .
-MALDI-TOF MS analysis MALDI-TOF MS analysis was performed on a Kratos Kompact MALDI IV spectrometer equipped with 0.7-m linear and 1.4-m reflection flight tubes as well as a 337-nm nitrogen laser with a pulse width of 3 ns. All experiments were carried out at an accelerating potential of 20 kV. In general, mass spectra from 200 shots were accumulated to produce a final spectrum. The obtained data were smoothened to reduce the spikiness by the average method; the smoothening filter moved along the collected data channels, adding together a number of channels and dividing by that number to give an average signal. This smoothening, however, did not eliminate or hide minor signals distinct from the baseline noise. The samples were dissolved in tetrahydrofuran (1 mg/mL) and mixed with the matrix (15 mg/mL of tetrahydrofuran) before being dried on the sample plate. 4-Cynohyroxy cinnamic acid (CHCA) was used as the matrix. The sample plate was inserted in to the apparatus under a high vacuum (10 -5 Pa).
